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LANDSLIDES AND THEIR RELATION TO HIGHWAYS 


A REPORT OF OBSERVATIONS MADE IN WEST VIRGINIA, OHIO, AND SOUTHWESTERN PENNSYLVANIA 


Reported by GEORGE E. LADD, Associate Economic Geologist, United States Bureau of Public Roads 


Part 2 


cussed the geological characteristics of the 
regions in West Virginia and Ohio where land- 
slides occur and the causes of their occurrence. This 
article will deal more particularly with the engineering 
problems involved and the various methods of control 
which have been tried, some of which have been suc- 
cessful and others complete failures. 
Since the preparation of the first article some study 
of slides has been made in southwestern Pennsylvania; 
which is geologically closely related to the area studied 


¢ er: earlier report dealing with this subject‘ dis- 






in Ohio and West Virginia. 


The area in Pennsylvania 
indicated in Figure 1 is a part of the great geosyncline 


extending through West Virginia. Sandstones are less 
abundant than in the area covered in the first studies 
and shale predominates. The hills are more gently 
rounded and the predominance of shale has led to 
prominence of clay in weathered blankets on the hill- 
sides. Water is freely absorbed by this material and 
slides occur under moderate loads and on very gentle 
slope . 

No study has been made in a related area in north- 
eastern Kentucky. The conclusions presented here 
pertain specifically only to the shaded area of Figure 1, 
although they may be occasionally applicable else- 
Where. 

Before describing several typical landslides it may be 
Well to summarize briefly the conditions which have 
led to landslides as pointed out in the previous article. 

ese conditions are listed as follows: 


a 
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AVALANCHE TyPE SLIDE IN LoGAan County, W. VA. 


Where a cut has been made in tilted strata on the down- 
dipping side in such material as sandstone, limestone, and solid 
shale beds. 

Where a vertical or nearly vertical face has been left in a cut 
in solid shale, jointed shale, or jointed shale and sandstone, and 
material is precipitated as a result of frost action or slippage 
on interbedded seams of water-softened clay. 

Accumulation on hillsides and in gulleys on the sides of high 
hills of detritus consisting of clay and silt from decomposed or 
weathered shale, highly rounded sand, and sandstone fragments 
and bowlders, which make a more or less fluid mass when 
sufficiently wet. Detritus of this character is also found in 
parts of river flood plains as a result of old slides and causes 
trouble. 





Beds of plastic or fire clay, especially near the surface. 

Plastic clay coatings formed on slopes beneath detritus by 
the wetting and softening of comparatively pure shales. 

Artificial fiJs made of materials of the general character 
described above. 

It has been pointed out that water plays a very 
important part in causing slides both by lubricating 
and increasing the weight of material. The effect of 
direct rainfall is often combined with seepage to pre- 
cipitate slides, and under certain conditions direct 
rainfall on an area is a sufficient cause. Materials 
subject to sliding may be moistened sufficiently to 
start them in motion either directly or by combinations 
of the following: Rainfall on an extensive surface of 
detritus; rainfall penetrating plastic clay beds near 
the surface of fills; rainfall accumulated in long, steep 
gulleys filled with detritus; underground water flowing 
through joint planes in sandstone and along the top of 
impervious shale beds; underground water passing 
through shattered shale beds or through shales that 
are very sandy and somewhat pervious; water from 
streams during floods, wetting the base of fills, or an 
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underlying detritus blanket; and rain water accumu- 
lated and stored in pockets of old slides. 

Water may also reach material in unstable equilib- 
rium from artificial sources such as accumulations in 
coal mines and in quarries, especially where rock seams 
have been opened by heavy blasting; it may be let 
into sidehill fills by joints in culverts which have opened 
as a result of settlement; it may be admitted through 
broken culvert connections or from side ditches during 
prolonged rains. 

A few typical slides will serve to illustrate the manner 
in which these several conditions contribute to the 
movement of material and the success in preventing 
the movement that may be expected of various 
corrective measures. 


a 


Fig. 1.—SKEtTcH SHOWING AREA COVERED IN STuDY OF 
LANDSLIDES 


AVALANCHE TYPE OF SLIDE REMOVED BY STEAM SHOVEL 


In the vicinity of Lyburn, Logan County, W. Va., in 
the spring of 1927, a landslide occurred on a hillside 
where a cut had been made partly in shaly sandstone 
and partly in overlying detritus. Where the slide 
occurred the material was all detritus. This slide was 
200 feet wide at the bottom, measured along the road 
and extended up the hill for a distance of over 800 
feet. At the upper end it divided and detritus moved 
from two forks. 

The highway is on a narrow bench about 60 feet 
above a branch of the Chesapeake & Ohio Railroad 
which, in turn, is about 20 feet above the Guyandot 
River. The slide buried the highway to a depth of 
25 feet or more, and, crossing the road, buried the 
Chesapeake & Ohio tracks below. Steam shovels at 
each end of the slide worked for 30 days opening the 
highway for traffic. Trucks had to haul the detritus 
2 miles at one end and 7 miles at the other. Ten thou- 
sand cubic yards were removed from the highway. The 
railroad was blocked for about four days until track 
could be relaid upon the bench widened by the slide. 

The slide was of the avalanche type, rare in this area, 
and except for a small subsequent movement was over 
in less than two hours. The detrital material contains an 
extremely small amount of clay, a great deal of rounded 
sand, and an abundance of sandstone fragments and 
bowlders. 
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It caused considerable indirect damage, especially to 
the railroad which normally handles a large tonnage of 
coal over this’branch. During this tie-up 15,000 people 
were supplied with food by carrying supplies over the 
slide, with truck delivery at both ends. 

The fact that the cut was in detritus for the entire 
width of the slide, considered with topographic evidence, 
indicates original development of a gully by ancient 
slides and the subsequent filling by numerous lateral 
slides. This one occurred following a heavy rain which 
saturated the porous detritus, lubricated the small 
amount of clay and rounded sand particles, added the 
weight of a large volume of water, and so started the 
movement down the mountain side which at this point 
has a slope of about 45°. 

Except in suddenness of occurrence, this slide typifies 
those which come upon the road and leave a large 
yardage to be removed by steam shovel. The direct 
costs to State and railroad were over $30,000. Further 
slides do not appear to be impending in the immediate 
future, but the mass of material above the road indi- 
cates that slides will recur at some future time. 


SLIDE TEMPORARILY CONTROLLED BY LOG CRIBBING 


Near Barnabas, Logan County, W. Va., a slide moved 
down onto a road at intervals for four years. As in 
the Lyburn slide, there was an exceptionally thick 
accumulation of detritus in a ravine formed by an old 
slide. Such an accumulation can very easily occur in 
the sandy, rocky materials of the local detritals. A 
large water supply reaches the area of the slide because 
of topographic conditions and the volume retained is 
great as a result of unusual thickness of detritus and 
its porous nature. This slide necessitated removal of 
32,000 cubic yards of material with steam shovels. 

Following the last clean-up, cribbing was installed to 
check the slide. White-oak logs 12 to 14 inches in 
diameter at the butt and 12 feet long were placed in a 
manner similar to that illustrated on page 162. The 
tie logs extending back into the slide were at intervals 
of 4 to 5 feet. Slope adjustment of the detritus, which 
began shortly after the setting of the cribbing, buried 
everything but the face of the cribbing, but the move- 
ment was finally halted. Previous expenditures at this 
point by the county have amounted to $17,300. ‘The 
cribbing described above cost $2,200 for logs and $2,500 
for labor. The slide is now apparently controlled; but 
the control is only temporary as the cribbing timbers 
will rot and it is probable that the detrital mass will 
again move upon the highway. 


RETAINING WALL HOLDS SIDEHILL FILL 


In Green County, Pa., between Washington and 
Waynesburg, the highway traverses a hillside for a 
considerable distance. The surface material is decom- 
posed shale, which freely absorbs water, as evidenced 
by crawfish holes in fields on both sides of the road. 
In many places side fills built of this unstable material 
go out and undermine the pavement. At one or two 
points drainage methods which will be described later 
have been employed for control of such subsidences, 
but in most instances where trouble has been encoun- 
tered reinforced concrete retaining walls have been 
built on the lower side of the road. These walls have 
held the road in place. One typical wall is 150 feet 
in length, 13 feet high, and rests upon a 9-foot footing 
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which is set from 3 to 5 feet in solid shale. Such a 
wall costs about $8,500, or about $57 per running foot. 


RETAINING WALL PLACED WHERE CHEAPER DESIGN WOULD HAVE 
BEEN ADEQUATE 


Federal-aid project No. 143—A, West Virginia, winds 
among high hills between West Union and Parkers- 
burg. During grading operations 2 miles west of 
West Union it was found that the fill shoulder would 
not stand. The fill descends to a meadow, which is 
badly drained and very wet. The slide was not at- 
tributed to capillary water from the meadow, as it was 
thought that both the fill and the meadow were supplied 
with seepage from a somewhat previous shale or from 
a coal seam within it. A standard type concrete re- 
taining wall was built 4 feet from the edge of the 
pavement. 

The illustration below shows the conditions at this 
location. More or less solid shale extends in places 
nearly to the level of the road, but it is not as compact 
as most shales in this district. It is quick to disinte- 
grate under weathering influences, as shown by the 
retreat of its face beneath the ledge of sandstone above 
the road. The retaining wall has no surcharge, and 









































ExcavaTION FOR RETAINING WaLL TO Ho.tp 
SHOULDER, NEAR West UNION, W. Va. 


Roapb 


considering the amount of material to be held by it 
the cost seems unduly high. Well casing could have 
been deeply set in the shale extending beyond the 
oundation for the retaining wall (see illustration) and 
filled with reinforced concrete. If spaced closely, they 
would form a thin and light type of wall, which would 
ave cost much less than a retaining wall. Such a 
wall could have been back-filled with sandstone taken 
tom the ledge above the road, and, with proper weep 
oles, having no serious pressure to withstand, could 
easily have held the road shoulder. The writer was 
imong those responsible for the construction of a re- 
taming wall and shares fully in the responsibility for 
it, but wider observations of similar cases are convinc- 
ing that there is a cheaper and quicker way. 





ROADS 





SATURATED FILL OVERTURNS RETAINING WALL 


On West Virginia Federal-aid project No. 19, at a 
point known as White Rock on the West Fork River, 
a retaining wall was built on the river side to hold a 
side fill in place. The highway is located about 50 
feet above the river and the wall was founded on solid 



































































A Stipe In Putnam County, W. Va., wHicH OVERTURNED 
A RETAINING WALL 





rock which outcropped along the river bank near the 
low-water mark. The gravity-type wall was keyed 
into the rock in the usual manner and was approxi- 
mately 60 feet in length, 15 feet in height, and 6 feet 
thick at the base. A fill consisting of some shale and 
rock, but mostly of weathered detritus, was placed 
back of the wall and extended from its top to the high- 
way on a slope of 45°. Drainage channels were left 
in the wall. 

After completion of this wall there was a period of 
high water in the river which lasted for several days, 
and the water rose to approximately the top of the wall. 
It then fell rapidly, and within a few days was back 
to normal. Shortly afterwards the wall toppled over 
into the river. There was no breaking of the concrete. 
The wall remained intact, lying on its side in the water. 

The explanation is simple. During the flood stage 
water flowed in through the weep holes and around the 
ends of the wall, thoroughly saturating the fill back of 
it. This caused no damage as long as the river was up, 
but when it fell to normal stage it removed the com- 
pensating pressure from the face of the wall; and the 
saturated material back of it, which exerted a more or 
less liquid pressure against the concrete, plus the effect 
of the surcharge of the fill above, caused the failure. 

Another wall failure occurred in Putnam County, 
W. Va., where a cement-rubble retaining wall, 200 feet 
long, set in shale about 75 feet beyond, and well below 








the road shoulder, went out during a rainy spell. The 
cause in this case was apparently an excessive surcharge 
of the saturated fill above. A number of natural slides 
occurred at the same time in the vicinity, one of them 
about 100 feet from the toe of the wall. 


SLIDING FILL PROVES DIFFICULT TO CONTROL 


About 1912 Cabell County, W. Va., took over a sec- 
tion of abandoned railroad right of way from the Chesa- 
peake & Ohio Railroad between Barboursville and the 
Putnam County line east of Huntington. On this 
grade the county built a 16-foot grouted brick pave- 
ment on a concrete base. The State road commission 
of West Virginia took it over for maintenance on Janu- 
ary 1, 1922. 
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at the same place where the old fill had settled, carrying 
still more of the old fill with it. About this time it was 
noticed that the ground at the toe of the fill was rising 
in front of the slide. This continued, as the movement 
of the fill progressed, until a section averaging 20 feet 
wide and extending about 100 feet along the toe of the 
fill had been lifted from 3 to 6 feet above its original 
elevation. 

In the spring of 1926 cburn-drill soundings were made 
parallel with and at the toe of the fill. Rock was found 
at elevations varying from 4 to 12 feet below tke ground 
surface, the latter elevations being near the center of 
the fill. 

It was decided to set weil casing filled with concrete 
in this stratum. A well drill was used to sink 8-inch 


Fitut Sure at Lee’s Creek, W. Va. 


The road crosses a deep ravine on a fill about 450 feet 
long at Lee’s Creek, 24% miles east of Milton. During 
the winter of 1924-25 a section of the fill near the west 
end started to move from under the pavement on the 
north side. In the spring the movement increased and 
it was necessary to support the pavement by tamping 
rock and other material under it. A section about 40 
a ne and half the width of the pavement finally 

ailed. 

In September, 1925, widening of the fill on that side 
was begun. In order to compact the new fill as much as 
possible, it was put in with wheel scrapers, starting at 
the toe of the old fill. The new fill was carried up 
about 10 feet wide and was kept level, the teams trav- 
eling the whole length of the fill in going to and from 
the borrow pit. 

This work was completed the latter part of Septem- 
ber. During the winter of 1925-26 the new fill slid off 


holes through the detritus and 8 feet into the rock, 
which seemed to be a fairly hard sandstone. Well 
casings, 654 inches inside diameter, were set in these 
holes and filled with concrete. Where the rock was 
more than 8 feet below the surface, four 14-inch reit- 
forcing rods were set in each casing. One hundred and 
twenty of such casings were set on 3-foot center. 
After these casings were completed, the slope of the fil 
was trimmed and ditched and no pockets were left to 
catch water. 

During the winter of 1926-27 the fill continued to 
settle, although to a somewhat less degree than <ur'g 
the two preceding winters. Early in the spring of 192/, 
12 of the casings where the rock was deepest slow 
signs of bending over. By the summer of 1927 they 
had failed completely. These were the casings which 
had been reinforced. The fill continued to sini from 
under the pavement in a section 40 feet long. The 
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ng break which had previously extended only to the center 
as of the pavement now covered nearly the whole width. 
ng No sign of slipping appeared on the opposite side of 
nt the fill. 
‘et In April, 1927, a core drill was used to sink a line of 
he holes parallel to the curb and about 2 feet from it across 
ial the entire north side of the fill. Nothing but fill mate- 
rial and detritus was encountered to a depth of from 
de 38 to 52 feet below the pavement except a few scattered 
nd bowlders. The greatest depth to rock was in the bed 
ind of Lee’s Creek, which crosses the fill about one-third of 
of its length from the east end. 

In August, 1927, one hundred and twenty-two 25- 
ete foot oak piles were driven parallel to the pavement 
ch and about one-third of the distance up the slope from 

the casing. These were spaced 3 feet apart. In Octo- 
ber the fill was brought to the proper cross section by 
addition of new material. This material was dis- 
tributed by hand so as to have the slope as uniform as 
possible. 

At present the slide movement seems to have stopped. 
There is still a little settlement in the pavement, but 
this is to be expected as normal settling against the 
piling. 

It is probable that this fill will continue to give 
trouble and that slumps and subsidences will recur, in 
spite of any physical-force methods of control, until 
the water problem is solved. A sluggish stream flows 
through a swampy tract near the foot of the fill. Old 
detritus and stream-deposited muck underlie one side, 
at least, of the fill. These are water-saturated in part 
from the stream, and in part from a water-bearing seam 
somewhere beneath the fill at its hillside contact and 
itis believed that a permanent remedy lies in drainage 
rather than attempts to hold back the fill. 

FILL SLIDES OF VARIOUS TYPES DESCRIBED 

In southwestern Pennsylvania a concrete highway 
was constructed on a hillside. Part of this road crossed 
old slide material and at one point the grade line 
required a fill of 2 or 3 feet on the uphill side and con- 
siderably more on the downhill side. The outer 

rock, 
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Not long after construction was completed a section 
of pavement dropped about 6 feet vertically and the 










Sipe Fitt Stipes AND RESULTING DAMAGE TO HIGHWAYS 


pavement was dislocated laterally for a distance of 200 
feet or more. domelike bulge arose in the garden 
and the whole mass of the old slide moved sufficiently 
to break the foundation of the house, leaving the base- 
ment without walls on two sides, threatening the house 
and making it unsafe for occupancy. The construction 
of the highway added additional weight on the old slide 
but did not change conditions otherwise. The original 
mass must have been barely stable and a moderate load 
was sufficient to start it in motion. 

The old slide was evidently fed by seepage through a 
noncompact shale near the road level. There are 
hundreds of cases similar to this in character. They 
are so frequent as to make imperative a study of local 
conditions before construction is begun. Such a study 
should include observation of wet spots following rainy 
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spells, but after a general superficial drying of the sur- material was decomposed, disintegrated clay taken 

face. Where seepage is indicated, ample drainage must from an adjacent 18-foot cut through laminated clay. 

be established on the inside of the road. The lower layer of the cut was quite plastic. Grading 
was begun in the winter of 1925 and was completed 
about the first of the following May. 

Ten days after completion of the work the whole 
lower side of the fill went out, carrying about half of the 
roadway, which settled about 20 feet. It was evident 
that the fill material would flow readily when wet, but 
there was no evidence of seepage or sufficient rainfall 
to cause a slide. 

A probable explanation of this failure is that the fill 
was built of clay, much of which was very plastic in 
the winter time. The lower part of the fill was con- 
structed with wet clay, much of which was frozen. 
A considerable load was placed on this material and 
when the winter and rains came the load was increased 
by moisture. The frozen wet clay thawed, the bottom 
flowed out, and the fill collapsed. 


A ,ConcrETE Roap SvupportTep ON Posts AFTER A SIDE- 
HILL SLIDE 


A retaining wall was built at the toe of the slide 
and the original 42-inch culvert pipe, 172 feet long, was 
extended to a length of 200 feet. About 1,000 cubic 
yards of rock placed on the side of the fill as it was 
built up, presumably with the idea of holding it in 
place, merely added to the weight on the underlying 
mucky ground and caused it to overflow the retaining 
wall and rise 4 feet above its top. 

A few miles west of Clarksburg, W. Va., a sidehill 
fill slid out from under a considerable portion of a con- 
crete pavement. A row of concrete posts was installed 
to support the pavement, the beckfilling was tamped in, 
and the road shoulder was refilled. The concrete posts 
were set in old detritus rather than in solid material; 
water continued to penetrate the fill; and it again went 
out, taking with it material from beneath the supporting 
concrete posts. 

It is probable that deep bui relatively inexpensive 
drainage installed inside of the road would have safe- 
guarded thefilland pavement. Theentiresection of road 
was relocated, however, so as to place it on a solid shale. 


DRAINAGE PROVES EFFECTIVE IN STOPPING SLIDE 


One of the most interesting and instructive cases of 
slide and fill subsidence occurred on a highway on Bell 
Hill about 1 mile east of Morgantown, W. Va. An old 
county road descended the hill to a small valley where 

In southwestern Pennsylvania a fill was constructed a bridge crossed a stream. The old road had required 
which contained 9,000 cubic yards. It was 60 feet deep a small cut in shale and some underlying detritus on the 
at the lower toe and 25 feet at the upper toe. The hillside and the material had been thrown over the 


Views or SLipeE AND CorrecTIVE MEASURES ON BELL 
HILL NEAR MorGantown, W. Va. 
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side and constituted a moderate fill. A number of 
years passed without record of noteworthy trouble. 

When the road was improved by the State as a 
Federal-aid project it was thought best to locate it 
further into the hillside on more solid material. The 
new road was placed 10 feet back in the hillside, the 
bridge approach was raised 6 feet, and a new bridge 
was constructed. The hillside cut furnished material 
for the wedge-shaped fill downhill to the bridge, and 
a large surplus which was dumped on the hillside fill 
making a very wide shoulder. The load on this fill 
was increased by building a high bank on the outer 
shoulder to serve as a guard for traffic. All of this was 
dumped on old slide material, which, however, was 
berm, and did not involve the area to be paved. 

The road was graded in the summer of 1925, and in 
the fall or winter of 1925-26, a period of wet weather 
set in which was followed by a break extending diagon- 
ally across the road at a point about halfway down the 
hill. The location of this break is indicated in Figure 
2, by the letter A. The road settled almost vertically, 
below the break. The bottom land below the slide 
showed unmistakable signs of many old slides indicated 
by rolls or slight hillocks. After the road settled it was 
observed that the land near the bottom began to up- 
heave and there were indications of considerable pres- 
sure apparently transmitted from the weight of the fill 
to the plastic subsoil below. 

A slip also occurred in the sidehill fill at the point 
marked B in Figure 2. After the slip occurred a stream 
of water could be seen emerging from the solid material 
approximately 8 feet below the surface of the road. 
This water had entered the loose fill on the hillside and 
so saturated the earth that it became semiliquid, and 
settled down into the bottom on an angle of repose not 
exceeding 20°. At the top of this slip the ground rose 
almost vertically to the surface of the road, 8 feet above 
the point where the water emerged. 

Discovery of this stream of water led, quite natur- 
ally, to control by drainage. A ditch was dug along 
the upper side of the road which extended from the 
top of the grade two-thirds of the distance toward the 
small stream. Flowing water was encountered at a 
depth of approximately 8 feet. The ditch was carried 
approximately 10 feet deep and into solid rock, and an 
8-inch tile drain with open joints was laid on a gradient 
of approximately 3 per cent. The ditch around the 
tile was filled with broken stone and over this several 
feet of cinders were placed. The remainder of the 
ditch was filled in with earth. This drain intercepted 
the water as it flowed from the rock and discharged it 
into the open ditch near the small stream. The drain 
effectually stopped the flow of water into the slip below 

the road. Even in dry periods the discharge of water 
from the drain was sufficient to fill a 2-inch pipe. The 
fill along the lower side of the road (at point B) was 
then replaced to form a shoulder, and this fill has shown 
ho signs of settlement since that time. 

The slip, marked A, Figure 2, was filled in with cin- 
ders and appeared to be stable. In the late fall of 
1926, however, a large water main supplying the city 
of Morgantown, which was located on the upper side 
of the road, broke as a result of a slide above the road 
and for a number of hours discharged a large volume 
of water into the slip and over the road at A. This 
water thoroughly saturated this slip and much settle- 
ment took place in the week following the break. As 
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the road settled it was brought back to grade with 
cinders, and it was used as a cinder road during the 
winter of 1926-27. In the spring of 1927 it was ob- 
served that very little settlement or slipping had taken 
place during the winter months. Careful observations 
were taken over a period of four months in the spring 
and practically no settlement was observed. A con- 
crete surface was then laid. Shortly afterward a set- 
tlement of about 2 inches took place along the lower 
side of the road, but no further settlement has occurred 
up to the present time. 

It is believed that the breaking of the water main 
thoroughly saturated the slip and caused the maxi- 
mum settlement for such material. There has been 
subsequent drying out and no further settlement has 
taken place excepting some slight readjustments. 
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Fic. 2.—SHow1nG CoNnpDITIONS SURROUNDING SLIDES ON 
BELL HILL NEAR MorGantown, W. Va. 


FALL OF DEBRIS A SERIOUS PROBLEM 


Slide material precipitated in ditches and on roads 
is generally removed by steam shovels and trucks, but 
sometimes hand shoveling and trucks are used. Dribble 
constitutes the greater part of such material and its 
occurrence is very widespread. Eight steam shovels 
have recently been purchased for work of this character 
in eastern Ohio. 

Often the cuts made in massive shale leave a vertical 
face rising to a considerable height above the road. If 
the shale is jointed, it is inevitable that frost action in 
time will precipitate large masses on the road below. 
Sometimes a broken condition results from heavy blast- 
ing during excavation. Similar dangerous conditions 
are also found in sandstone. 
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Vertical cuts may be left in shale if it is compact, 
without joints, and has not been deeply shattered by 
blasting. Otherwise, where possible, a suitable slope 
should be provided during construction. It is cheaper 
and safer to remove the surplus material then than 
to have to remove it from the pavement, and run the 
risk of physical damage, interference with traffic, and 
possible loss of life, at a later time. 

The fall of much of this small material is not eco- 
nomically preventable, but attention should be given 
to bowlders and outcrops which endanger highway traffic. 
Projecting and unsupported sandstone and detached 
bowlders resting in an unstable position should either be 
pried loose or blasted and deposited below the highway. 

Cuts should not be made in strata dipping steeply 
toward the road unless absolutely necessary. This is 
especially true if the rock has seams of clay or shale, 
even though only an inch or so in thickness. Where 
such a cut is made, rock beds above should be anchored 
in place in advance of blasting by a system of reinforced 
concrete piles set in drill holes. 
















































































CLosELY Spacep Pitinc To Hotp a Roap IN PLACE 


USE OF WOOD PILES HAS DISADVANTAGES 








The use of wood piling is very extensive. It may 
be found in use in attempts—temporarily more or less 
successful—to hold fills in place and to hold masses 
that have moved or threatened to move on a road. 
There are cases where a pavement rests in part upon 
old slide material and in part upon fill. Often the 
pavement is threatened with undermining and disloca- 
tion, and with being covered by material from above. 
In such cases piling has been placed at the foot of the fill 
and at the upper side of the road. As many as five 
rows may be seen at some points. Occasionally, for 
a single purpose, as many as three rows are placed. 
In some cases they are staggered, on 3 to 5 foot centers, 
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with rows 4 feet apart. Frequently the piling is driven 
as close together as possible. In the illustration below 


a row of piling may be seen so massed as to constitute 
Oak piling used for this purpose 
A good and 


a retaining wall. 
varies from 20 to 30 feet in length. 

















































CasInG FILLED WitH REINFORCED CONCRETE USED TO Re- 
TAIN A Fintu. Oak Piting NEARER THE RIVER HAS 
FAILED AND THE CONCRETE PILING 18 BEGINNING TO 
Fart. DRAINAGE OF A SWAMPY AREA ON THE OTHER 
SIDE OF THE Roap APPEARS TO BE THE REMEDY 















general practice is to drive it to refusal into an under- 
lying bed of solid shale. Occasionally piles are used 
wholly in fill material to stiffen the mass but this 
practice has not been very successful. 

H. J. Spelman, division engineer of the West Virginia 
State Road Commission has stated? that the cost of 
such piling in his division when done by contract varied 
from $0.75 to $1 per lineal foot of timber. Many jobs 
have been reported as having cost approximately 
$0.90 per lineal foot of timber. 

The use of wood piling is believed to have several 
disadvantages. lt is never known in advance whether a 
single row will prevent the movement of a sliding mass. 
The sight of old piles either completely overthrown or 
pointing out from hillsides like cannon is not uncommon. 
After one row has been put in, if there is evidence of 
further movement, another row may be added and so 
on up to a maximum of five. Five rows may cost from 
$28 to $33 per lineal foot of road. The life of untreated 
wood piling, and this is almost universally used, is 
relatively brief. The United States Forest Service 
estimates it at approximately eight years. 





CASINGS FILLED WITH CONCRETE OFTEN USED 


The use of piling formed by filling well casings with 
concrete has increased in popularity and is becoming 
extensive. The cost in this district is somewhat less 
than it would be elsewhere as second-hand oil and gas- 
well casings can usually be purchased. The concrete 
filling is sometimes put in without reinforcing. Steel 
rods are the common reinforcement but in a few cases 
steel rails have been used. Mr. Spelman gives the 
cost of such casing with reinforcing, at $1.11 per lineal 
foot of casing; but, on many jobs it has cost $1.20 oF 
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? Engineering News-Record, Mar. 17, 1927, p. 438. 
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Street Raits Usep To Hotp a SLIDE 


more per lineal foot. 
figures. 

_ This type of piling is often set from 5 to 8 feet deep 
in so-called solid material which is usually shale or sand- 
stone. Both this type of piling and hardwood piling 
are often backed with planking, especially near the top. 

The use of casing filled with concrete to hold any 
considerable mass of sliding material is always exper- 
mental. The piles may hold, and they may not. 
Sometimes rows of piling have gone out, probably 
because they were placed too near the edge of buried 
shale or rock which split under pressure. 

In West Virginia, at a point known as the Godbey 
slide, the paved road which was buried is slightly above 
& small river. A clean-up was made, and to avoid 
future trouble detritus was removed for a considerable 
distance beyond the inside shoulder of the road. This 
cut exposed a vertical face of solid shale 12 or 15 feet 
in heizht, evidently made by the river earlier in its 
history. This condition shows remarkably well how 
casinc might be set near the edge of such a face and 
result in failure. It is important that the outline of 
solid material be ascertained before such control 
methods are undertaken. 


No overhead is included in these 
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TyprEs OF RETAINING WALL UseEp TO Protect Roap 

There are numerous failures where the cause is un- 
known. Casings may have been set in shale which 
softened, allowing them to tip over. They may have 
been bent or broken. It would be worth while to pull 
a few such piles to get more definite information. 


SHEET PILING AND STEEL RAILS USED 


Only one case of the use of sheet piling has been 


observed. On this job the sheet piling appeared to 
have stabilized the mass above it which was already 
nearly stable, but it has not prevented high water in 
the stream below from penetrating the fill, which was 
the intent of the experimental undertaking. The cost 
per lineal foot of such piling is intermediate between 
that of oak and reinforced concrete. 

Rows of steel rails have occasionally been used by 
railroads for the control of slides, and in one or two 
instances by highway engineers, but not very satis- 
factorily. A case of such use is iliustrated above. 
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RETAINING WALLS EXTENSIVELY USED 


Retaining walls, although relatively expensive, are 
extensively used, mostly on the lower side of the pave- 
ment, but not infrequently above the road and some- 
times to protect residential property and cemeteries. 

Many cases have been observed where the cost ranged 
from $35 to $60 per lineal foot and where less expensive 
protection such as casing filled with concrete would 
serve as well. Usually proper drainage on the inside 
of the road and beneath it will be cheaper and more 
satisfactory in results than a retaining wall. 





TIMBER CRIBBING FOR SLIDE CoNnTROL 


A strong objection to the relatively expensive retain- 
ing wall lies in the uncertainty as to the magnitude of 
the forces that will act on the wall. 


ROADS OFTEN RELOCATED TO AVOID SLIDES 


As new highway projects develop, engineers in this 
district are concerning themselves more and more with 
the problem of relocation at obvious points of danger. 
The question presented is that of balancing the present 
cost of more or less extensive grading against the 
probability of sooner or later losing part of a paved 
road. Occasionally extensive changes in plans seem 
imperative. 

CRIBBING SUCCESSFULLY USED 


The use of cribbing at the foot of a slide mass after a 
steam shovel clean-up is increasing. Cribbing has 
usually been built of untreated rough oak logs. Lately 
squared creosoted logs have come into use, and, very 
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recently in Ohio, concrete units have been tried. The 
initial cost of the two latter types of cribbing is high, 
but the results obtained are likely to be permanent 

The illustration of cribbing on this page shows a case 
where the timber has become so rotten as no longer to 
prevent detrital movement. The old cribbing is being 
removed and reinforced concrete piling placed in its 
stead. It is not safe to depend on cribbing to retain an 
unstable mass which extends beneath the road. In 
such a case if a brute-force method seems necessary, 
cribbing must be supplemented by piling. In typical 
cases observed, oak cribbing cost $10 and concrete 
cribbing $38 per lineal foot of road. 


BLASTING SELDOM PRODUCES WORTH-WHILE RESULTS 


Drilling through slide masses and near the toe of 
fills which are moving, or in which incipient movement 
has started, and dynamiting the underlying material 
is a time-honored method of attempted control. It is 
often recommended by engineers and in the area under 
discussion has been resorted to by some highway engi- 
neers. It has been used more extensively by railroad 
engineers in connection with side-fill slides. Some of 
them have adopted the practice of drilling holes 35 to 
55 feet in depth, extending 18 to 25 feet into so-called 
solid material along the toes of fills. Holes are spaced 
20 feet apart, and after springing sometimes twice with 
30 to 60 sticks of 40 per cent dynamite loads varying 
from 300 to 500 pounds of 40 per cent dynamite are 
shot in them. 

There does not appear to be any evidence to justify 
the use of this method except in special cases. When 
used it is stated that it is experimental or that it opens 
up underground drainage and allows water to escape. 
Again, it is claimed that it roughens the ground beneath 
the fill and prevents sliding. This theory assumes that 
a fill slides as a unit on an underlying surface, whereas, 
in nearly every case, there is movement throughout the 
mass or, at least, the lower part of it. The movement 
is a slump rather than a slide. 

If drainage channels are opened by blasting, relief is 
likely to be only temporary, for they will quickly be 
choked with fill material. In one case investigated 
holes were drilled to a depth of 17 to 20 feet below the 
level of an immediately adjacent river and shot. It 
was stated that the advantage to be obtained was under- 
surface drainage. 

In several instances shale base lying below water 
level has been heavily blasted. In such cases it is not 
possible to avoid the belief thet the blasted material 
will rapidly disintegrate into muck. Such practices can 
only result in very temporary control and must ulti- 
mately lead to the destruction of the only basis for 
rational control methods. 

Under special conditions, however, there may be 
some advantage in blasting underlying solid sandstone 
or limestone. 


ROCK LOADS OF LITTLE VALUE IN PREVENTING SLID 


Several cases have been observed where larg: bowl- 
ders were placed at random on the outside of side fills. 
Usually the bowlders so placed gradually work to the 
toe of the fill. In a number of cases masses 0! bowl- 
ders have been assembled originally at the toe of a fill. 
The accompanying illustrations show two cases where 
a rock load is used to supplement piling. 

Bowlders distributed over a fill, apparently with the 
idea of holding the fill down by load, add nothing to the 
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cohesive strength of the mass; they simply add further 
to the load, which is already too great. Bowlders 
massed along the toe of a fill probably do exert some re- 
taining effect, but on the whole their use is of little 
value. 


DRAINAGE BELIEVED TO BE SOLUTION OF PROBLEM 


The most important conclusion resulting from the 
study of slides in this district is that, generally speaking, 
preventive measures should be substituted for retaining 
structures. Usually a certain load is unavoidable. 
The nature of the detrital material is such that it is 
unstable when wet, the tendency toward instability de- 
pending on the fineness of the material and the clay 
content. The normal load and nature of the material 
can not generally be changed, but it is usually possible 
to eliminate the third factor causing slides, namely, 
water. It is not necessary to eliminate ali moisture, 
but the content must be kept below the critical point 
at which it makes the mass unstable. 

This may be done, according to the nature of the 
problem, by surface protection from penetration by 
rainfall, by surface drainage, or by underground drain- 
age which reaches the source of seepage or flow. Side 
fills and through fills can be protected from penetra- 
tion by rainfall where necessary. It is also possible to 


isolate them from underground water in most cases. 
Masses of overhanging detritus can generally 
sufficiently drained to prevent movement. 
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Only sporadic attempts at drainage control have 
been Ss 4 case at Morgantown, W. Va., has 
been described where drainage of underlying shale 
solved a serious problem. Small-size, open-joint tile 
has been occasionally used in soft spots in a road and 
French drains have been placed beneath inside ditches. 
Some surface drainage has been undertaken for the 
purpose of removing water from pockets of over- 
hanging, old-slide detritus. Such work, however, has 
been neither systematic nor thorough. Lack of em- 
phasis on prevention is common to most human ex- 
perience and we spend money on landslides largely 
after they have occurred. 

It is believed that this district needs more trenching 
machines, and fewer steam shovels and piles; that 
drainage will be found to be cheaper and more perma- 
nent. than any control method now employed; and that 
it must be undertaken with knowledge of local geo- 
logical conditions. Detrital areas which are traversed 
by roads must be studied from a geological standpoint. 
Water seepage must be traced to its source, and water 
volume determined following rainfalls of varying in- 
tensity. Test holes or other means of interior ex- 
ploration will answer this purpose. 

If detrital material has been undisturbed for a 
considerable time, fine clay may have been washed 

ownwards and accumulated below as in the formation 
of subsoils. Therefore, where slide material has been 
at rest for some time, the greater part of the under- 
ground water will be found comparatively near the 
surface, that is within 3 to 5 feet of it. In one case 
observed after a heavy rainfall, where a cut had been 
made in a thick mass of detritus, water was escaping 
In almost a solid sheet, along a plane about 5 feet 
below the top of the cut. 

Before fills are placed it is vitally important to 
observe whether the location is on ground which is 
Wet not only during but for some time after rains. 
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When wet spots are found, the source of the moisture 
must be located. Frequently it is in detritus on the 
hillside and after a fill is placed water enters from the 
side or end contact. The use of wet materials in 
building a fill, especially at or near its base, has been 
demonstrated to be a dangerous practice. 

A number of illustrations of sidehill failures are pre- 
sented because they constitute the most serious phase 
of the slide problems in this district. Most of them can 
be prevented by drainage on the inside of the road, or, 
better, by drainage installed before the road is graded. 

The annual damage resulting from the slides and 
subsidence is so enormous that systematic preventive 
experiments and study of relative costs and permanency 
of results is obviously justified. 

It is believed that the solution of a very large pro- 
portion of the cases which arise, and this includes 
evidence of danger as well as slide movement, lies 
in the direction of drainage. 

















































THE MODULUS OF ELASTICITY OF CORES FROM 
CONCRETE ROADS 


RESULTS OF DETERMINATIONS MADE ON CORES DRILLED FROM MARYLAND HIGHWAYS 


By A. N. JOHNSON, Dean of Engineering College, University of Maryland 


HIS is the second report dealing with the general 
T subject of strength characteristics of concrete 
based on investigations carried on cooperatively 
by the Engineering Experiment Station of the Uni- 
versity of Maryland, the United States Bureau of 
Public Roads and the Maryland State Roads Com- 
mission. The first report! described the method of 
taking cores from concrete roads of various ages on 
the Maryland State system and analyzed the results 
of compression tests on such cores. 

The general plan of the investigation included ex- 
tensive determinations of the stress-strain relation for 
the cores in order to study their elastic behavior. 
One or two specimens were selected from each group 
of cores and set aside for such tests. The best possible 
end condition was secured by placing a thin plaster- 
of-Paris coating on the caps which had been placed 
upon the cores for crushing-strength tests, a flat 
surface being secured by the use of a piece of plate 
glass put on while the plaster was soft. Elastic meas- 
urements were made on these cores in the testing ma- 
chine with the load applied by hand at a much slower 

: rate than was possible when the crushing strengths 
only were being obtained using power loading. 
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ACCURACY OF DIFFERENT TYPES OF EXTENSOMETERS 
INVESTIGATED 












The type of extensometer first used was what may 
be called a 5-point extensometer as it clamped the 
specimens at five points.? After considerable experi- 
ence with this instrument it was evident that it was 





_= D ae Fic. 2—ConcretTe CYLINDER IN TESTING MACHINE WITH 
Mirror EXTENSOMETER ATTACHED 
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ol 3 The principle of the action of the mirror extenso- 
_— « £5 meter is shown in the diagrammatic sketch of Figure ], 
. ges E | while Figure 2 is a photograph of the set-up. In 
: asa | ey — 1 Figure 1, the geometric relations are clearly shown. 
ae, [t is evident that what may be called the base line of the 
G - GAUGE LENGTH measurements made with the mirror extensometer 1s 
: Pa ee the width W of the knife edge shown in the sketch. 
J 2 - STANCE MIRROR TO SCALE If this is accurately measured, there is no difficulty 
or eainwarenen @ ne A in securing the other measurements with as much 
Mahe accuracy as is necessary. The knife edges actually 
W 2D used were made as closely as possible to 0.2 inch. 








— baal sw 


“*2D 


ea 5 CEES 


They were calibrated by measuring with a microscope 

‘TEST SPECIMEN «| with the proper micrometer attachment. One o! the 
4 - sop UNIT DEFORMATION knife edges was found to be 0.2015 inch and the other 
0.2012 inch. The distance JD from the mirror to its 
scale (one for each mirror) was adjusted so that 1 inch 


: ; : on the scale corresponded to a deformation of 0.001 
unsatisfactory, the stress-strain curves becoming more inch. The scale was divided into tenths of an inch, 
and more irregular with increased use of the instru- <5 that measurements quite accurate to one hundred- 
ment. It was then determined to eh og se ae thousandth of an inch over a 4-inch gauge length, 
between this extensometer and a simple form of mirror 4, 2% millionths inch per inch, were possible. 

extensometer. Since the support for the scales was independent 


. Strength Characteristics of Concrete as Indicated by Core Tests, Public Roads, of the weighing table of the testing machine wie 

vol. 9, No. 7, September, 1928. - e - eo, 's ° id 

2 A description of this extensometer may be found in the Proceedings of the A. S. supports the specunen, it 1s evident that there te 

T, ES... vee, 2, ve. 9, p. £00 Ci8ee). be indicated on the scales both the deformation of the 
3 A description of this extensometer may be found in Martens’ Handbook of Test- ; 


ing Materials. specimen, and the movement of the specimen wit 
164 











Fic. 1.—D1aGram ILLUSTRATING Mirror EXTENSOMETER 
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reference to the scale. It was possible to so arrange 
the apparatus that this error was automatically 
eliminated. The mirrors were mounted as shown in 
Figure 2 and both faced in the same direction so that 
as the specimen shortens under compression, the 
right-hand mirror throws the beam of light upwards 
on the scale (fig. 1), whereas, the left-hand mirror 
throws the beam of light downwards (the scale for the 
left-hand mirror is not shown in the diagram). There- 
fore, a given movement of the specimen with reference 
to the scale will have the effect of increasing the read- 
ing of the right-hand mirror, but the reading of the 
left-hand mirror will be decreased by the same amount. 
The average of these two readings, obtained from the 
mirrors revolving in opposing directions, exactly 
cancels any effect produced by any vertical movemer t 
of the specimen with reference to the fixed scales. 
With this method one mirror is not sufficient, and two 
must be used, giving readings in opposite directions. 
Also at least two mirrors must be used to give the 
average strain in the specimen. 


MIRROR EXTENSOMETER FOUND SATISFACTORY 


The results with the mirror extensometer were so 
divergent from those obtained with the 5-point extenso- 
meter that further comparisons were made between 
other types of clamp extensometer and the mirror 
type. There was a marked difference in the char- 
acteristics of the curves obtained with the two types 
of instruments as is shown graphically in Figure 3. 
The data shown upon this figure were obtained by 
smulataneous observations with a clamp type of 
extensometer and a mirror type, the circular dots 
showing the results with the mirror type, while the 
crosses are the results with the clamp type. 

It is to be noted that the clamp type of extenso- 
meter invariably gives a curve with increased slope 
hear the origin, and which flattens out toward the 
latter part of the curve. The explanation is that 
extensometers which are clamped to the specimen 
amost invariably have a certain amount of lost 
Motion between the point of contact and the end oi 
the dial needle, and until the deformation of the speci- 
Men is sufficiently great to take up such lost motion 
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COMPARISONS OF LOAD-DEFORMATION CURVES OBTAINED WITH CLAMP 
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the curve obtained is not a correct indication of the 
deformation of the specimen, and the stress-strain 
curve that results is not an accurate interpretation of 
the behavior of the specimen under the applied loads.* 
This is particularly true for the lower pressures where 
the dial readings of the clamp extensometer give little 
indication, as may be seen in Figure 3, particularly in 


curves B, C, and E. This effect obviously is not 
dependent upon the character of the concrete, but is 
merely a mechanical defect in the measuring apparatus. 
Measurements that had been obtained with the 
clamp-type extensometer were therefore abandoned 
and only those obtained with the mirror type are here 
reported. 

One marked characteristic that the mirror-extenso- 
meter readings give to the stress-strain curve for 
concrete in compression is the persistency of a straight 
line relationship in the earlier part of the curve for the 
lower pressures and the gradual departure from a 
straight line forming a very gradual curve for the 
higher pressures. The extent of the straight line 
relationship or proportionality may be approximately 
determined and is taken to be the elastic limit of the 
concrete. 

With the use of the mirror extensometer erratic 
results, which are characteristic of the clamp type, 
were not obtained. In fact, so uniform were the 
curves as plotted from the readings of the mirror 
extensometer that if a point did not fall closely on the 
general trend of the curve there would usually be found 
some arithmetical error in reducing the observations 
and the correct value would place the point on the 
curve. 

TEST RESULTS INDICATE BEHAVIOR AS AN ELASTIC MATERIAL 


This report discusses the results of elastic measure- 
ments on 112 cores. The average crushing strength 
was 3,960 pounds per square inch, and the average 
value for the modulus of elasticity was 3,562,000 
pounds per square inch. The lowest value of the 
modulus recorded was 1,200,000 pourds per square 
inch, and the highest 5,840,000. The individual 
values are given in Table 1. 





This was discussed in the Proceedings of the A. S. T. M., 1924, pt. 2, p. 1026. 
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DEFORMATION PER INCH-HUNDRED THOUSANDTHS OF AN INCH 
Fig. 4.—Loap-DerormMatTion Curves ror Concrete Cores TESTED IN COMPRESSION 


TaBLE 1.—Crushing strength and modulus of elasticity of concrete road cores 
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Fic. 7.—Evastic Curve For Trap Rock 


The stress-strain curves for a number of the cores 
varying from one of the highest moduli to that of the 
lowest are shown in Figure 4. With one exception 
these curves show the same general characteristic, 
that is, the first portion of all of the curves is substan- Py 2 oo 
tially a straight line, and then departing gradually ‘ 
from the straight line. 

Special attention is directed to the curve shown for 
specimen 1870, where the elastic curve is convex with 
reference to the horizontal axis, all the others being A study of the curves shown in Figure 4 shows that 
concave. The aggregate in this core was quartz gravel, the elastic limit fell as low as 400 pounds per square 
but this was the case also for specimens 1709, 1167, and inch for specimen 541, and reached about 2,200 pounds 
1790. This same characteristic of the stress-strain per square inch for specimen 2015. A fair average 
curve, convex towards the horizontal axis, was found seems to bv in the neighborhood of 700 to 800 pounds 
for some sandstones and is particularly noticeable for per square inch. The results of these tests seem to 
concrete specimens when subjected to repeated loads. indicate clearly that for this condition of loading the 
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concrete in these specimens behaved as an elastic 
material. 

A graphical presentation of the results of measure- 
ments of modulus of elasticity is shown in Figure 5, 
where the values of the modulus for each specimen are 
arranged in order from the highest to the lowest value, 
as shown by the circles. The value of the crushing 
strength for each specimen is shown by a cross. No 
marked relationship is found in these data between the 
crushing strength of the cores and the modulus of 
elasticity. For the 15 or 20 highest values for the 
modulus of elasticity, the corresponding values for 
crushing strengths are somewhat greater than the 
crushing strengths for the group of 10 specimens having 
the lowest modulus of elasticity. It is seen that the 
moduli fall for the most part between values of 2,400,000 
and 4,400,000. 

Figure 6 is a diagram showing values for the modulus 
of elasticity plotted according to the age of the speci- 
mens. It should be kept in mind that there was but 
one 11-year specimen but for the other years there were 
greater numbers. There is a slight trend towards a de- 
crease in the modulus of elasticity with increase in age. 
However, it is felt that these data are not sufficient to 
justify any conclusion other than that the age of the 
concrete from one-half year on seems to have little 
effect on the value of the modulus of elasticity. 


ELASTIC PROPERTIES OF ROCK INVESTIGATED 


Results secured on concrete cylinders indicated the 
desirability of investigating the elastic properties of 
different kinds of rock. For this purpose the Bureau 
of Public Roads supplied three cylindrical specimens 
for each of four varieties of rock—limestone, trap, 
granite, and sandstone. These specimens were 2 inches 
in diameter and 4 inches long. The ends of the speci- 
mens were carefully ground to a flat surface. The 
gauge length over which the deformations were meas- 
ured was 3 inches. The mirror type of extensometer 
was used. 

As data on the elastic behavior of rocks are rare, the 
deformations for the various loadings of the different 
rock specimens in this series are given in Tables 2 and 
3, while Figures 7 to 10 show the typical graphs of 
these data, the specimens selected for the typical graphs 
being the ones nearest to the average for the three 
specimens. 

The marked difference between the stress-strain 
curves for sandstone and the other rocks is seen at 
once by reference to the corresponding graphs. All of 





TABLE 2.—Results of tests of rock cores 2 inches in diameter and 
4 inches long 
Sam- — i a 
. Crushing} Modulus of Elastic 
= Character of rock strength __ elasticity limit 


Lbs. Lbs. 
per sq. in. Lbs. per sq.in. per sq. in. 


EE a eee , 900 , 500, 000 (1) 
| ee a ee eae aay ee 32, 900 | 8, 660, 000 (4) 
eee! an a insiemeicatpimniianme dina 30, 500 8, 930, 000 (4) 
tee nat at cnc miwanwmalinsetdee 35, 800 11, 400, 000 11, 000 
nieleatel a eS 13, 300, 000 12, 000 
aphaiaial Di intuikdab hha pintirchancieeaegaid 34,900 | 14, 200, 000 14, 000 
i tiictainbinkebncivinindaaitudewisies 6, 620 | 3, 400, 000 4, 500 
=e i cpetbnniidiemnthcmasdieqnss whenssnine 6, 990 | 4, 000, 000 4, 500 
_ = | ae sndaldnehiimatasaatiaaeieeadiii 6, 620 | 4, 200, 000 4, 500 
Oa eamraswe 46,000 | 77,400,000 _......... 
1} |... tlle esuintnivn srsictents Ailgiccin aca 39,000 | 27,400,000 |_......... 
fe aah ihc 6 eensimnertinsecntatancnaihttinin oui 32, 200 | 2 6, 200, 000 |_........ 





1 Straight line relationship throughout extent of observations. 
2 Value at 10,000 pounds per square inch (see text). 





ROADS Vol. 9, No.8 


the stress-strain curves other than that for sandstone 
are concave towards the horizontal axis, while that for 
sandstone is markedly convex: with reference to the 
horizontal axis. This is the only stress-strain curve 
where the initial portion of the curve is not substan- 
tially a straight line, and it is also the only one where 
the initial portion of the curve is that of the least slope. 
The stress-strain curve for the sandstone becomes 
steeper as pressures increase. The slopes at loads of 
10,000 pounds per square inch or approximately one- 
fourth of the ultimate strength of these specimens 
were obtained from the graphs and these values re- 
ported in the table as moduli of elasticity. 


TABLE 3.—Compressive deformations for rock cores 
Granite Trap 


Deformation in hun- 
dred -thousandths 
inch per inch 


Deformation in hun- 
dred - thousandths 
inch per inch 


Load, pounds per 
square inch 


Load, pounds per 
square inch 








No.1 No.2 No.3 No.4, No.5 N 
_— . , 0 0 0 0 0 
73. ; A : 0.7 0. : 6.3 j 
146__- 1.2 l S s 4 
219 2.3 2.2 13.2 ‘ 
See 3.7 3.3 16 ; 
oe 4.2 4.3 27 
547_- ees 7.0 6.5 26 { 
730 mad 9.5 8.8 36 
 -_ 7 «|. Bee 12.0 47 39 
1,100_- —— 14.3 13.8 21 oF 53.8 4 
1,400... ocala 18, 2 AS 81 68. 5 A 
2,200... j 28.7 27.0 33 gy &3.3 
2,900_. eRe eae: 37.3 35.7 116 ay ) 
3,300_. een anh 45 133 117 4 
3,650 anal Wee 44.0 151 131 x 
4,400 ae ee 57 166 148 
5,500___- ee ef 65.3 70 184 If 
7,325 : tied 89, 2 86. 5 91 201 182 
9,150... en 111 108 lll sis : 218 | 200 in 
11,000...__._. -«} 133 128 132 |; 26,800........ Lobeasal me 201 
12,800__.. Sy 149 152 27,600....- . 238 219 
fae ai Bea 170 172 =. 29,400. 258 .) 
16,500___. 193 191 192 
18,300___ ‘ . 213 214 
20,200... . ... 24 234 
eee 275 
25,800_. 297 
Breaking load Breaking load 
pounds per pounds per 
square inch 29,900 32,900 30, 500 square inch___.. 35, 800 34, 20 4, 900 
Limestone Sandstor 
Deformation in hun- Deformatior 
Load, pounds per @red-thousandths | 7 4aq, pounds per dred - thor 
pont ak inch per inch soe inch inch per i 
—_— . ee No. Ni N 
No.7 No.8: No.9 10 il 12 
e.. eg ee 0 0 2h Soe eS Pe 0 
_ Ss ‘ 20 fe Sa Se aera 56 4 
1,100- 36 1,470_. 86 3 
SaaS Sree 38 36 | Sa Bes eS abi 
2,200 68 56 1:2). = eee 128 la 
2,940__. 73 gt | * BG Seas Se 169 
3,300_. 99 | Saal Wah 159 s Is 
3,670_- 92 > Oa eae 7 202 
4,400_. 130 lll 105 CS | ee a. See 185 =i 
| RRP SS RSP | 132 l i” 1 Sete Geet Fe 24 
5,500 ee le Seiki RE Rcemdsbouenctt, 2a 2 249 
ERIN HESS 154 Lak | See eee = 
| === aes ere Oh Sees eS 229 4 
GH OY Etat a { “ieee oe sd 
300 
" 313 
324 
336 
347 
358 
Breaking load— Breaking load— | 
pounds per pounds per 99 900 
square inch-..._. 6, 620 | 6,990 | 6,620 | square inch._... 46,000 39,000 4 
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Applicants are urgently requested to ask only for those publications in 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any = 
publication to any one person. The editions of some of the publications N 
are necessarily limited, and when the Department's free supply is 
exhausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
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Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
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Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1913. 


States, 1914. A Summary. 


tures, 1921 and 1922. 
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TECHNICAL BULLETIN 
. 55. Highway Bridge Surveys. 
MISCELLANEOUS CIRCULARS 


62M. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal Aid 
Highway Projects. 


93M. Direct Production Costs of Broken Stone. 


*136D. Highway Bonds. 20c. *105M. Federal Legislation Providing for Federal Aid in 
220D. Road Models. Highway Construction and the Construction of 
257D. Progress Report of Experiments in Dust Prevention National Forest Roads and Trails. 5c. 
and Road Preservation, 1914. 
*314D. Methods for the Examination of Bituminous Road FARMERS’ BULLETIN 
Materials. 10c. 
*347D. Methods for the Determination of the Physical No, *338F. Macadam Roads. 5c. 
Properties of Road-Building Rock. 10c. 
*370D. The Results of Physical Tests of Road-Builk ing SEPARATE REPRINTS FROM THE YEARBOOK 
Rock. 15c. ee ee ——e ‘ , 
386D. Public Road Mileage and Revenues in the Middle yy, «z2qy Peder | Tiwana Sete Ka 
Atlantic States. 1914. N ‘ane Sona ig fl Highways, 1917. 5c. 
387D. Public Road Mileage and Revenues in the Southern 914Y. Hishwavs and Highway Transportation 
States, 1914. 9877. Miscellanéous Aaricultaral Statistics. 
388D. Public Road Mileage and Revenues in the New 937Y. Miscellaneous Agricultural Statistics. 
England States, 1914. ™ 6, items 7 
390D. Public Road Mileage and Revenues in the United TRANSPORTATION SURVEY REPORTS 


107D. Progress Reports of Experiments in Dust Prevention Report of a Survey of Transportation on the State Highway 
and Road Preservation, 1915. System of Connecticut. ; 
463D. Earth, Sand-clay, and Gravel Roads. Report of a Survey of fransportation on the State Highway 
*532D. The Expansion and Contraction of Concrete and : System of Ohio. ee ; ; . 
Concrete Roads. 10c. teport of a Survey of Transportation on the State Highways of 
*537D. The Results of Physical Tests of Road-Building Vermont. — - : f 
Rock in 1916, Including all Compression Tests. Report of a Survey of Transportation on the State Highways of 
Be. New Hampshire. 
*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25e. REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 
*660D. Highway Cost Keeping. 10ce. 
*670D. The Results of Physical Tests of Road-Building Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon 
Rock in 1916 and 1917. 5c. the Penetration Test for Asphalts and 
*691D. Typical Specifications for Bituminous Road Mate- Asphalt Cements. 
rials. 10c. Vol. 5, No. 19, D- 3. Relation Between Properties of Hard- 
*724D. Drainage Methods and Foundations for County ness and Toughness of Road-Build- 
Roads. 20c. ing Rock. 
*1077D. Portland Cement Concrete Roads. 15c. Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
1259D. Standard Specifications for Steel Highway Bridges, Testing Bituminous Materials. 
adopted by the American Association of State Vol. 6, No. 6, D- 8. Tests of Three Large-Sized Reinforced- 
Highway Officials and approved by the Secretary Concrete Slabs Under Concentrated 
of Agriculture for use in connection with Federal- Loading. 
aid road work. Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 
1279D. Rural Highway Mileage, Income, and Expendi- crete Slab Subjected to Eccentric 


Concentrated Loads. 
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